putative ANME nitrogenase operon. Figure S1 displays the results from the FISH-SIMS analysis of natural abundance δ 13 C and 15 N 2 assimilation in individual ANME-2/DSS consortia using the CAMECA 1270 ims ion microprobe instrument (housed at the University of California, Los Angeles). Figure S2 shows the diversity of nifH genes recovered from the 15 N 2 sediment incubation experiments. Figure S3 displays the partial nitrogenase operon structure and conserved amino acid residues of the nifD gene, which encodes for the alpha subunit of the dinitrogenase. Table S1 summarizes the  15 N sediment   incubation experiments and Tables S2 and S3 provide information regarding taxa used in the phylogenetic analysis of nifH and nifD. Table S4 reports the inhibition of AOM and sulfate reduction in the presence of acetylene.
Supplementary Materials and Methods
Sediment collection and preparation. Seafloor methane seeps within the Eel River Basin (ERB) off the coast of Eureka, California were sampled at depths ranging from 500-520 meters. The region supports localized areas of active methane venting, sulfide-oxidizing bacterial mats, and Calyptogena pacifica clam beds, as previously described (S1).
Sediment push-cores (PC) were collected from two different sediment habitat types were stored in the dark in 1 liter anaerobic bottles at 4ºC with an overpressure of methane (2 atm) for one month prior to isotope labeling experiments. The sediment slurries were subsequently prepared in an anaerobic chamber and sub-sampled into serum bottles that were sealed with butyl rubber stoppers and amended with various nitrogen substrates and inhibitors. Sediment incubation conditions are detailed in Table 1 , with replicates for each treatment done in duplicate or triplicate. 2-bromoethanesulfonic acid (BES, 5 mM and 20 mM) was added as an inhibitor of anaerobic methane oxidation/methanogenesis, and sodium molybdate (Na 2 MoO 4 , 25 mM) as an inhibitor of sulfate reduction (S3) .
Sediment slurries were periodically sampled through the butyl rubber stopper with a sterile 3 cc disposable syringe and fixed with formaldehyde and/or analyzed for sulfide concentration (see below). PC-14 sediment slurries were sampled initially (T=0) and then after one, three, and six months and PC-11 sediment slurries were sampled initially and at four months. Long incubation times were required in order to allow at least one doubling time, which has been estimated to range between 3-6 months for ANME-2/DSS consortia (S4-7).
Sulfide Production. Incubations were sampled initially, and then after one and either six or four (PC-11) months to measure dissolved sulfide via the Cline Assay (S8).
Briefly, FeCl 3 (in 6N HCl) and N,N-dimethyl-p-phenylenediamine dihydrochloride (in 6N HCl) were added to incubation subsamples 20-200 µl removed via syringe. The product of the reaction, methylene blue, was measured spectrophotometrically at 670 nm and calibrated to sulfide concentration with a sodium sulfide standard.
Fluorescence In Situ Hybridization (FISH). Sediment slurry was removed via syringe and
immediately fixed in PBS buffered 2% formaldehyde for 1 hour at room temperature, washed with 1X phosphate buffered saline (PBS) twice, and stored at -20ºC in 50:50 PBS:ethanol. Microbial aggregates were concentrated using a Percoll (Sigma) gradient and adhered to a 1" diameter round microprobe slide (Lakeside city, IL) as described in (S9) . Fluorescence in situ hybridization was carried out as described previously (S9) 4 using both group-specific (EelMS932 and DSS658) and Domain-level probes (Arch915 and EUB338) (S10, 11) . The location of positively hybridized cell targets were mapped on the 1" glass rounds using both epifluorescence and transmitted light microscopy as described in (S6), using a DeltaVision RT (Applied Precision, Inc., WA). Images were collected through the z-plane and deconvolved and processed using softWoRx® Suite software (Applied Precision, Inc.). entry AB362197) were used in a touchdown PCR of the following program: 94ºC 2 min, 2 x (94ºC 1 min, 70ºC 1 min, 72ºC 3 min), 2 x (94ºC 1 min, 69ºC 1 min, 72ºC 3 min), 2
Secondary Ion Mass Spectrometry (SIMS
x (94ºC 1 min, 68ºC 1 min, 72ºC 3 min), 2 x (94ºC 1 min, 67ºC 1 min, 72ºC 3 min), 2 x (94ºC 1 min, 66ºC 1 min, 72ºC 3 min), 2 x (94ºC 1 min, 64ºC 1 min, 72ºC 3 min), 2 x 7 (94ºC 1 min, 62ºC 1 min, 72ºC 3 min), 30 x (94ºC 1 min, 61ºC 1 min, 72ºC 3 min) with
PuReTaq Ready-To-Go PCR beads (GE Healthcare). The 3KB amplicon was excised from an agarose gel, purified using an Ultrafree-DA filter (Millipore) and ligated with a TOPO4 vector cloning kit (Invitrogen). Four complete sequences representing unique clones in the library were obtained (Laragen, Inc., CA). Primer walking was necessary to sequence the whole fragment, typically using 2 internal primer sets for each sequence.
The nifD portion of the sequence was identified and sequences were globally aligned with Geneious Pro 4.6.2 using the ClustalW algorithm. Neighbor-joining trees for the nifD subunits were constructed using the Geneious Pro 4.6.2 Tree-Builder (Jukes-Cantor distance model and 100 bootstrap replicates). A tree with the same topology was obtained using Bayesian analysis (Mr. Bayes) (not shown). Sequences were deposited in GenBank with accession numbers GQ477542 to GQ477545. 
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Ammonia measurements. Pore water was collected from ERB sediments using a pore water squeezer as previously described (S1). Pore water aliquots for ammonia analysis were filtered (0.2 µm) and measured using the colorimetric phenol hypochlorite method (S17) in the laboratory of Dr. S. Joye, University of Georgia.
Acetylene incubations with 15 N 2
Sediment from PC-14 was also used to measure nitrogen fixation via the Acetylene Reduction Assay (S18, 19) . Sediment was mixed 1:1 with artificial seawater in an anaerobic chamber, as described above, and 7 ml of the slurry was aliquoted into 20 ml serum bottles sealed with a butyl rubber stopper (n=15). Headspace in the treatment bottles contained methane (2 atm) and 0 to 10% acetylene (lowest % acetylene added was 0.2%). Bottles were incubated at 10ºC and measured weekly for one month. Ethylene and acetylene were analyzed by gas chromatography (GC) on a polystyrene-divinylbenzene based column (HP PLOT-Q 30m x 0.320mm ID x 20 micron) with flame ionization detection (FID). A Hewlett-Packard 5890 Series II GC with a split-splitless injector (2 mm ID liner) was operated in the split mode. The split flow was 20 mL/min. Ultra-high purity helium was used for carrier gas, and the column was operated at a constant flow rate of 2.2 mL/min (37 cm/sec average linear velocity). The headspace of each was sampled (50 µl) with a gastight syringe and injected manually. Oven temperature was isothermal at 50 ºC. The injector was maintained at 125 ºC and the detector at 250 ºC.
Methane, ethylene, and acetylene were baseline resolved under these conditions. Positive controls using a diazotrophic culture of Azotobacter vinelandii demonstrated active 9 conversion of acetylene to ethylene by this method. Sulfide concentrations in the acetylene incubation experiments were measured using the Cline Assay (see above) at the 3.5, 8, and 10-week time points.
Supplementary Results and Discussion

Nitrogen assimilation from cyanide (CN -)
ANME-2/DSS consortia in sediment incubations containing 1 mM 15 N-cyanide (Na 13 C 15 N) incorporated the 15 N at comparable levels to those observed in the 15 Ndinitrogen incubation (Fig. 2) . Cyanide is structurally similar to dinitrogen and reduction of this triple bonded compound has been shown to be catalyzed by purified nitrogenases in vitro . In only a handful of studies, however, has cyanide been demonstrated as a nitrogen source for diazotrophic microorganisms using nitrogenase (e.g.
S20, 21).
Nitrogenase is believed to have evolved early, prior to the divergence of Bacteria and Archaea, and the projected levels of cyanide and reduced nitrogen on Earth during that time has led to speculation that the function of 'primitive' nitrogenases was primarily to detoxify cyanide, rather than catalyzing dinitrogen fixation (S22-26) . While methanogens have demonstrated sensitivity to cyanide via inhibition of carbon monoxide dehydrogenase (CODH) (S27, 28) , the methanotrophic ANME-2/DSS consortia appeared to be unaffected by this toxic compound, exhibiting active 15 N assimilation and equivalent rates of sulfate reduction (Fig. 2) . The ANME nitrogenase may be directly mediating this detoxification. Alternatively, more variability of 15 N incorporation in the cyanide incubations, including 15 N hotspots within both the archaea and bacterial AOM partners, underscores the possibility of alternative mechanisms for cyanide catabolism/ detoxification either through a different nitrogenase, or through another enzymatic pathway entirely (Fig.1C) . Regardless of the mechanism, this result demonstrates the tolerance of the ANME-2/DSS consortia to this common toxin, and could imply that this methane-fueled symbiosis was well suited to survive during an early, cyanide-rich atmosphere (S26).
Inhibition by acetylene
Although the ANME-2/DSS consortia were able to respire and grow in the presence of up to 1 mM cyanide, they were inhibited by acetylene. Acetylene is similar to cyanide and dinitrogen in its structure, and its reduction to ethylene is commonly used as an indirect measure of nitrogenase activity in both cell extracts and intact cells (S18). However, in bulk sediment incubations amended with methane (overpressurized to 2 atm) and acetylene (0.2 to 7.9%), neither nitrogen fixation (measured by production of ethylene)
nor AOM activity (measured via sulfide production) was observed (n=12; Table S4 ). The lack of AOM activity with acetylene concentrations as low as 0.2%, compared to the active sulfide production (4-fold increase during the incubation period) measured in replicate bottles lacking acetylene, suggests that one or both members of the ANME-2/DSS consortia were inhibited by this compound. Methanogenic archaea are often inhibited by acetylene (S29, 30) , and considering the great similarity between their metabolic machinery (S31) suggests that the ANME-2 archaea in particular may have been adversely affected.
Lack of inhibition by 2-bromoethanesulfonic acid (BES)
BES did not inhibit methane oxidation at either 5 mM (PC 11 and PC 14 sediment) or 20 mM (PC 11; PC 14 not tested). BES is a structural analogue of coenzyme M and an inhibitor of the traditional methanogenic pathway (S3) . The anaerobic oxidation of methane is hypothesized to occur in the ANME cells via "reverse methanogenesis," (S31), suggesting that inhibitors of methanogenesis should inhibit anaerobic methanotrophy as well. Indeed, several studies have documented the complete or partial (>50%) inhibition of AOM by BES in marine sediments, using a range of concentrations (e.g. 1 mM (S32), 60 mM (S33)). However, there is a growing body of evidence that BES does not always inhibit AOM (no inhibition at 5 mM (S34)or 20 mM (S35)), in addition to the results in the present study. It is possible that 20 mM is insufficient to inhibit AOM, and in fact, the authors of (S33) emphasize the need to add excess BES in sediment slurry incubations in order or overcome sorption and sequestering of BES.
However, the unpredictable response to BES at a range of concentrations (i.e. complete inhibition of AOM at 1mM and no effect at 5 mM and 20 mM) suggests that other factors besides adsorption may influence sensitivity of AOM consortia to this inhibitor in different environments.
Variation in 15 N incorporation within the ANME-2 and DSS
The nanoSIMS images of individual aggregates revealed large heterogeneity in labeled nitrogen assimilation between individuals within each population (ANME-2 and DSS) for each nitrogen source studied (Fig. 1, Fig. 3 ). For instance, in the representative consortia in Fig. 3 , 15 N enrichment within the interior (ANME-2) ranged from 2.2 to 10.4 atom %.
This likely reflects cell specific variation in growth, and is consistent with previous SIMS-based reports of single species isotopic heterogeneity in isotope-labeling experiments (S36, 37) . Despite the predicted energetic benefit from close spatial proximity between the syntrophic partners, there was not a visually apparent trend in the ANME 15 N 2 incorporation related to distance between the ANME and DSS cells within the aggregate.
Aggregate replication and division
The 15 N experiments also yielded insight into syntrophic aggregate replication and division. How the dual species ANME-2/DSS consortia form associations and replicate within the methane seep environment is unknown, although it has been proposed, based on visual observations from fluorescence in situ hybridization experiments, that aggregates replicate by budding (S38). Our FISH-nanoSIMS results provided evidence in support of this hypothesis. We repeatedly observed well-structured ANME-2/DSS aggregates attached to other aggregates in this study, with high levels of 15 N incorporation at the bridge point between the aggregates and within the presumably newly formed aggregate 'bud' (e.g. Fig. 1B, 1D and 1E ). This implies that ANME-2/DSS aggregates maintain close spatial contact between syntrophic partners and may coordinate division from intact consortia, rather than by requiring the establishment of new associations from single cells.
Nitrogenase phylogeny and operon structure
Recovered nifD sequences from the 15 N 2 incubation experiments were distinct from wellcharacterized Mo-Fe nitrogenases (Fig. 4) , but contained key histidine and cysteine 13 residues, Hisα-442 and Cysα-75, involved in metal cofactor binding in Azotobacter vinelandii (S39) . Major differences occurred in the flanking regions of these residues, indicating possible differences in the metal composition of the cofactor used (Fig. S3 ).
The . Relationship between 15 N incorporation from 15 N 2 and 13 C in single ANME-2/DSS consortia measured by FISH-SIMS using a CAMECA 1270 IMS instrument. Each data point represents the average 15 N atom % and 13 C of a single cycle during the analysis of the cell target. All data points collected from a particular aggregate are represented by the same symbol, and represent depth related trends in 13 C and 15 N associated with a single aggregate. Consortia with a distinct shell morphology are represented by filled black data points (n=2), shelled aggregates associated with sediment particles are distinguished by open or filled linear symbols (n=3), and a single mixed aggregate is represented by gray triangles (n=1). It is expected that the sedimentassociated ANME-2/DSS aggregates would show a smaller range of variation in 13 C due to the simultaneous collection of sediment-derived carbon with roughly natural abundance 13 C. 
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